Abstract. Freshwater plumes are important flow structures that influence the dynamics and water properties of coastal regions and continental shelves. Turbulence in plume regions is mainly driven by shear instabilities at the interface between plume and oceanic waters, which, in turn, depend on the geometry and outflow of a specific plume region. The Southern Brazilian Shelf presents a highly variable hydrographic distribution modulated by the seasonal wind variation and the freshwater discharge from the La Plata River estuary, which has a significant impact on the continental shelf circulation. This buoyant plume creates 5 strong density gradients and interacts with local water masses resulting in a complex hydrographic pattern. In this study, high resolution hydrography and microstructure measurements were obtained in order to verify the effect of freshwater stratification on vertical mixing in this highly dynamic continental shelf. Results show that the plume is highly stable at southern portions of the shelf, as density displacements, or Thorpe displacements, δ T , heat diffusivity, K T , buoyancy flux, B f , and density gradient ratio, R ρ are reduced when compared to the northern areas. Moreover, hydrographic data suggests that the large-scale La Plata
Material and methods
The data was obtained in the SBS in two cruises of opportunity onboard R.V. Atlântico Sul, from Universidade Federal do Rio Grande, Brazil. The first one was carried out from June 2-11 and the second one from June 30 to July 8, both in 2015.
The cruise tracks were planned as transects from the coast to the shelf break, according to time limitations and sea conditions.
Weather conditions were mostly calm during both cruises, except for a storm which occurred in the second cruise prior to the 5 last station, on July 3. No significant changes in the La Plata River discharge and sea surface temperature were observed from the first to the second cruise.
The hydrographic data was collected with an OCEANSCIENCE Underway CTD (UCTD), equipped with a SeaBird probe, during the first cruise, obtained in a cross-shelf transect carried out near the location of Rio Grande (Fig. 1) . Estimates of velocity gradients were obtained using horizontal density gradients from the UCTD. In a geostrophic flow, velocity gra-10 dients can be obtained from the thermal wind balance. The horizontal density gradients were averaged into a grid with a horizontal resolution of 2 km and a vertical resolution of 1 m. This resolution was chosen in order to retain horizontal gradients akin to the geostrophic balance while removing smaller scale disturbances (Yankovsky, 2006) . The resulting velocity gradients were used to estimated the gradient Richardson Number, Ri g = N 2 /( .
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The microstructure data was collected with a vertical microstructure profiler (VMP-250) during the second cruise, in two cross-shelf transects close to the locations of Albardão (AL) and Sta. Marta Cape (SM). Profiles were made in 13 stations, 8
in the AL and 5 in the SM transect ( Fig. 1) . During the survey, the instrument was equipped with a SBE7 micro-conductivity and a FP07 thermistor, which measured conductivity and temperature, respectively, at a 512 Hz sampling rate. The instrument operated in downcast mode, with drop speeds varying between ∼0.2-1.4 ms −1
. The profiles were processed with 1 second FFT
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(Fast Fourier Transform) in 512 data point segments with 50% of overlap.
The microscale temperature allowed us to calculate the rate of loss of temperature variance (χ T ), a measurable parameter that describes the effect of turbulence on the temperature field (Steinbuck et al., 2009 ). χ T is obtained from the integration of the small scale temperature gradient spectrum (Φ T ),
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where D T is the molecular thermal diffusivity, equal to 1.4 × 10
The magnitude of convection and temperature overturns due to heat fluxes can be expressed by the buoyancy flux (B f ),
where g is gravity, α is the heat expansion coefficient, ρ 0 is the average density and c p the specific heat at constant pressure, equal to 3.98 × 10 3 kgm 2 /Ks −2
. As described in Thorpe (2007) (Osborn and Cox, 1972) as
From the microscale density profiles we obtained the Thorpe displacements, δ T , a signature of mixing in stratified flows in the form of Kelvin-Helmholtz instabilities (Smyth and Moum, 2000) . δ T is the vertical distance that a water parcel must 5 be moved adiabatically to restore stability (Mater et al., 2013) . The displacements were calculated from the observed instantaneous microscale density profiles from the VMP-250. Discrete density measurements are monotonically sorted to give a gravitationally stable profile. The respective pressure associated with the sorted density profile is then subtracted from the local pressure, so that δ T is given in metres.
To quantify and determine double-diffusive processes in the profiles we calculated the density gradient ratio, R ρ ,
with the microscale temperature and salinity gradients obtained with the VMP-250. α is the thermal expansion rate and β is the haline contraction rate. αdT /dz is the contribution of the mean vertical temperature gradient to the vertical density gradient and βdS/dz is the corresponding contribution of the mean vertical salinity gradient (Kelley et al., 2003) . Double-diffusive convection (DDC) may be developed within the range 0 < R ρ < 2. A diffusive regime is favored when 0 < R ρ < 1, while a 15 salt-finger regime is developed when 1 < R ρ <2. the presence of the plume. PPW is observed at the surface along the entire transect, reaching the vicinities of the shelf break.
Our observations show that the plume interface follows along the ∼23.5 kgm (Soares and Möller, 2001) and SACW is ubiquitous on the Brazilian continental shelf from the northern portions of the South Brazilian Bight (e.g., Castro, 2014; Cerda and Castro, 2014) to the Brazil-Malvinas
Confluence (e.g., Piola et al., 1999; Möller et al., 2008) . Colder waters from the SACW may intrude the shelf region because of instabilities associated with the meandering of the Brazil Current as it flows along the shelf-break (Lima et al., 1996) . Along the boundary between PPW and TW, STSW is observed, formed due to mixing between those water masses.
The transect of buoyancy frequency ( deeper side of the shelf sinks, suggesting a vertical overturning at a sloping bottom, followed by a geostrophic jet (e.g., Wang, 1984) . Over continental shelf, Ri g increases substantially in the mid transect section, where layers of enhanced N are observed, suggesting strong stability. Low values of gradient Richardson number are also found at the shallow inner shelf portion, where stratification is weakened due to the shallow depth.
Microstructure observations: second cruise (early July of 2015)
The frequency of occurrence of K T and R ρ for both transects were clustered into continental shelf and shelf break data due to differences regarding the presence of PPW. For the AL transect, K T was nearly normally distributed (Fig. 4, panel (a) ), 5 being similar for continental shelf and shelf break. A storm occurred at the end of the AL transect, which enhanced mixing and surface K T in the shelf break profiles, increasing the occurrence of larger values. The averages of each distribution were similar, being slightly larger at shelf break. For the SM transect ( Fig. 5 panel (a) ), on the other hand, the distributions were unequal for both areas, being nearly bi-modal. This happened because of the smaller amount of plume waters in the continental shelf off Sta. Marta Cape, allowing increased levels of vertical diffusivity in the shelf region, on average, nearly one order of 10 magnitude greater than at the shelf break.
The R ρ distributions (panel (b) in Fig. 4 and Fig. 5 ) evidence the differences between continental shelf and shelf break.
In the shelf break profiles, DDC can be developed by salt-fingers, where warmer and saltier TW lies over colder and fresher SACW. In the continental shelf, conversely, where colder and fresher waters from the plume stand above relatively warm and salty oceanic waters, DDC can occurs due to a diffusive regime. Actually, the distribution mode of R ρ in the continental shelf for the AL transect suggests that diffusion is unlikely to occur since the most frequent values were around 0.01. This is result of the strong stratification induced by plume waters in the southern portion of the SBS. For comparison, in the SM transect the mode is around 0.28, which is more likely to yield diffusivity.
The N profiles in the AL transect (Fig. 6, panel (a) ) match the hydrographic observations from the UCTD, with values up to 0.05 s SM transect, a substantial reduction in N occurs (Fig. 7, panel (a) ) and a retreat of the plume interface towards the coast is observed.
Salinity and temperature gradients for both transects ( Fig. 6 and 7, panels (b) and (c)) highlight the freshwaters over the continental shelf, as well as the stronger gradients in the southern transect, specially of salinity. Because of the buoyancydriven salinity, temperature increases with depth (within the plume layer), an ubiquitous feature for all locations where PPW 5 is observed (e.g., Castello and Möller, 1977) . . Both heat diffusivity and buoyancy flux are reduced towards the continental shelf, mainly at the plume interface. At this location a reduction of nearly four orders of magnitude, when compared to the SML in AL08, is observed. In the SM transect, K T and B f are also large in the SML at the shelf break profiles (Fig. 9 , panels (a) and (b)). But since no strong mixing event occurred, these relatively large values may be associated with surface 5 convection, as the SML depth is nearly the same for both profiles, around 75 m. Heat diffusivity and buoyancy flux are reduced in the continental shelf, but not as much as observed in the AL transect. In fact, at the plume interface, no clear reduction in diffusivity is observed, as stratification is not as strong as in the location of the AL transect. 
Effects of freshwaters stratification on mixing
In general, turbulent mixing in freshwater plumes is driven by shear-stratified flow instabilities in the form of KH billows within the stratified interface [Stacey et al. (1999) ]. The stratification induced by PPW and the high Ri g values found on the UCTD data at the southern inner shelf implies low shear variance. Hence, the large-scale La Plata River plume reduces the level of mixing expected for a shallow continental shelf. In large-scale ROFI (Regions Of Freshwater Influence) systems, the 5 spreading outflow tends to stratify the water column, opposed by stirring due to tides, waves and winds (Simpson, 1997) . This highly stable outflow inhibits the mixing at the interface due to the positive buoyancy input from low salinity waters, which exceeds the buoyancy loss from surface cooling. In the case of La Plata River plume, the induced buoyancy is very strong, so this ROFI system remains stratified even when the other portions of the shelf are mixed. Atmospheric forcing in the SBS, specially in the southern area, is restricted to the surface due to the effective isolation from bottom layers promoted by the freshwater-driven stratification (Zavialov et al., 2002) . This explains the very shallow SML depth observed within the plume and the magnitude of N observed in the plume interface. , is a strong and stable interface that inhibits mixing on the continental shelf and prevents the generation of shear instabilities. At the location of the SM transect, the density front is weakened due to higher dilution with oceanic waters. Consequently, it is more susceptible to shear-stratified turbulence, as seen by the increase in δ T . The presence of density overturns in strongly stratified flows is an indication of the amount of TKE within a flow, rather 10 than its rate of dissipation (Mater et al., 2013) . The reduced overturns at the plume interface in the AL region suggests that the flow, although energetic as an estuarine outflow, is stable.
Near-field river plumes are usually characterized by large turbulence and mixing, commonly found at estuaries with narrow channels (e.g., Luketina and Imberger, 1989; MacDonald et al., 2007 MacDonald et al., , 2013 . The wide the La Plata estuary, however, will rarely generate large velocity differences between upper and lower layers and shoaling as the plume leaves the estuary. As a 15 consequence, a near-field region will not exist in the La Plata River plume and no large turbulence is expected to occur near the source region. Due to its large spatial scale, which is larger than the internal Rossby radius (Pimenta et al., 2005) , the La Plata River plume behaves as a far-field river plume, where motions are mainly driven by the Coriolis force and the wind shear away from the source region. When winds and local currents are not sufficient to advect the plume offshore, the far-field plume forms a geostrophic coastal current that propagates as a coastal Kelvin wave (Horner-Devine et al., 2015) , leaving the coast to the left in the southern hemisphere. This northward flow of the La Plata River plume is known as the BCC (De Souza and 5 Robinson, 2004), stronger during a SW wind regime. Although the UCTD data suggests a strong stability on the continental shelf, values of Ri g are reduced when reaching the shelf break. The temperature data showed a vertical motion that appears to be related to the mechanism described by Wang (1984) . In a rotating fluid over a slopping bottom, when two different water masses form a sharp density front, it stretches out from its initial position due to a reduction in the bottom layer velocity due to friction, increasing the relative velocity in the top layer. Assuming that no mixing occurs, the density structure is a layer of 10 lighter water overlaying a layer of heavier water. The resulting velocity distribution is a relatively strong recirculation, with sinking at the head of the surface front and rising at the head of the bottom front. In the observations, however, there is no indication of vertical intrusion, since the density contours remain partially stable, but vertical stretching is observed (c.f., Fig. 2). A baroclinic alongshore jet can be generated due to the geostrophic adjustment at the front. This is consistent with the increased ∂v/∂z at the offshore limit of the plume and the fact that the La Plata River plume advection is nearly geostrophic 15 (Pimenta et al., 2005) . The occurrence of this mechanism at the bulge of the plume, the region where the river water outflow transitions into a geostrophic or wind-dominated far-field, suggests that the La Plata River plume owns a mid-field region, which is not usually expected for large-scale plumes.
Therefore, results show that plume stratification inhibits larger mixing at the Albardão region. Further north in the Sta. Marta region reduced stratification facilitates the generation of shear-stratified turbulence, increasing levels of diffusivity at the plume boundary. Moreover, our observations suggest the presence of a mid-field region of mixing.
4 Conclusions
Our results show how the large-scale La Plata River plume affects vertical mixing in the shallow and dynamic SBS. Our observations are limited to two cruises of opportunity during Autumn conditions. However, two important conclusions may be drawn: (1) the transects in the SBS represent two distinct scenarios, as one was made close to the source region of the plume, where stratification due to freshwaters is very strong, and the other made hundreds of kilometres away from it, where the 10 freshwater outflow is more diluted with oceanic waters. In this sense, both show differences regarding shear-induced variability in the interface with oceanic waters, expressed by the density displacements and magnitudes of heat diffusivity. Near the source region, the plume is highly stable, while away from the plume, going northward, shear instabilities are significantly increased;
(2) the instability observed in the hydrographic data close to the shelf break, associated with low values of gradient Richardson number, suggests that the large-scale La Plata plume has a mid-field region of turbulence mixing, besides the far-field region located in the vicinity of Sta. Marta Cape. At the mid-field, data suggests that instabilities due to overturns in a sloping bottom is a source of turbulence, while in the far-field, KH instabilities are the causes of larger K T .
Given the limitations imposed by the logistic of opportunity cruises and the limitations of our observations, this study is an initial contribution to the knowledge of the La Plata River plume dynamics and provide a good base for future turbulence 5 studies in this important region in the southwestern Atlantic Ocean. More detailed surveys in the area are necessary in order to fully characterize the turbulent mixing of the La Plata River plume. Future investigations may include:
-In order to verify closely the possible implications of the BCC on the turbulent pattern in the coastal areas of the SBS, data must be obtained in areas between the AL and SM transects during SW winds regime. This would allow us to determine how this current can alter the shape of the turbulence within the plume;
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-Obtain profiles of microstructure data near the entrance of the La Plata estuary, which could provide important information regarding the dynamics of the estuarine outflow at the source region;
-Verify the implications of seasonal changes in the wind field and discharge rate of the La Plata estuary on the plume turbulence pattern;
-Although to assume K ρ similar to K T is a valid approximation in a turbulent scenario, it would be interesting to obtain 15 estimates of the salt eddy diffusivity in the plume interface to complement the results obtained here;
-Obtain measurements of from velocity shear variance, measured with shear probes (as those were not available during the survey herein) to estimate flux coefficient and mixing efficiency in the plume interface.
